Summary Increases in plant size and structural complexity with increasing age have important implications for water flow through trees. Water supply to the crown is influenced by both the cross-sectional area and the permeability of sapwood. It has been hypothesized that hydraulic conductivity within sapwood increases with age. We investigated changes in sapwood permeability (k) and anatomy with tree age and height in the broad-leaved evergreen species Eucalyptus regnans F. Muell. Sapwood was sampled at breast height from trees ranging from 8 to 240 years old, and at three height positions on the main stem of 8-year-old trees. Variation in k was not significant among sampling height positions in young trees. However, k at breast height increased with tree age. This was related to increases in both vessel frequency and vessel diameter, resulting in a greater proportion of sapwood being occupied by vessel lumina. Sapwood hydraulic conductivity (the product of k and sapwood area) also increased with increasing tree age. However, at the stand level, there was a decrease in forest sapwood hydraulic conductivity with increasing stand age, because of a decrease in the number of trees per hectare. Across all ages, there were significant relationships between k and anatomy, with individual anatomical characteristics explaining 33-62% of the variation in k. There was also strong agreement between measured k and permeability predicted by the HagenPoiseuille equation. The results support the hypothesis of an increase in sapwood permeability at breast height with age. Further measurements are required to confirm this result at other height positions in older trees. The significance of tree-level changes in sapwood permeability for stand-level water relations is discussed.
Introduction
There has been recent interest in age-related changes in the structure and function of trees. Understanding these changes is critical to problems in both basic and applied research, including assessing impacts of forest management and wildfire on water yield from forested catchments (e.g., Vertessy et al. 2001 ) and determining the cause of age-related decline in forest productivity (e.g., Bond 2000 , Day et al. 2001 .
Increases in tree size and structural complexity with increasing age have implications for water flow through trees. Under static conditions of no water flow, a gradient in water potential of 0.01 MPa m -1 due to gravity is expected over the distance between the soil and the leaves in the canopy of a tree (Scholander et al. 1965 , Hellkvist et al. 1974 , Bauerle et al. 1999 . Therefore, at the top of a 60-m-tall tree that is not transpiring, leaf water potential should be at least 0.6 MPa more negative than for leaves at ground level. When trees are transpiring, frictional resistances will lower leaf water potential further (Hellkvist et al. 1974 , Connor et al. 1977 . Cumulative resistance to water flow increases with increasing path length and number of branch junctions and vessel-to-vessel connections in the pathway (Zimmermann 1983, Tyree and Ewers 1991) . All other things being equal, these factors will create higher soil-to-leaf hydraulic resistance in larger trees than in small trees, leading to lower leaf water potentials in larger trees.
Water supply to the crown is influenced by both sapwood cross-sectional area and sapwood conductivity. Ontogenetically, water transport through a stem of given length can be increased by producing more sapwood cross-sectional area, resulting in greater Huber values (the ratio of sapwood area to the amount of leaf tissue distal to the stem segment), or by changing anatomical features that affect conductivity, such as vessel diameter and vessel frequency. It has been proposed that large trees maximize hydraulic conductivity within the sapwood while minimizing the cross-sectional area (e.g., Gerrish 1988) . This would reduce the risk of low water potential leading to embolism via cavitation or air-seeding (see Sperry et al. 1998 , Koch et al. 2004 , or closure of the stomata (preventing carbon uptake; see Yoder et al. 1994) , or both. This hypothesis is supported by several studies of gymnosperm species showing an increase in sapwood conductivity with increasing tree age and size (e.g., Pothier et al. 1989a , Coyea and Margolis 1992 , Mencuccini and Grace 1996 .
Various terms have been used to describe the conductivity of sapwood, and this terminology has recently been reviewed by Reid et al. (2005) . Hydraulic conductivity is the measured flow rate of a defined solution through isolated stem segments under a defined pressure gradient (Ewers 1985) . The effect of cross-sectional area is unaccounted for in this measure. Increases in conducting area with increasing stem diameter will result in greater flow, which does not necessarily reflect a change in the conducting property of the sapwood. Thus it is useful to consider hydraulic conductivity not just in absolute terms but also in terms of the xylem cross-sectional area, or "permeability" (Siau 1984) , which is defined as a measure of the ease of flow of a permeating fluid (Booker 1977) .
Eucalyptus regnans F. Muell. (mountain ash), the world's tallest angiosperm, growing to a height of at least 98 m (Hickey et al. 2000) , provides an opportunity to test such hypotheses in a hardwood species. Eucalyptus regnans grows in cool-temperate areas of southeastern Australia, in Victoria and Tasmania (Boland et al. 1992 ). In the Central Highlands of Victoria, E. regnans forests grow on high rainfall sites on soils with high infiltration rates and high water-holding capacities, which have been extensively reserved as water catchments for the city of Melbourne. Water yield from these forested catchments increases with forest age (Langford 1976 , Kuczera 1987 . Eucalyptus regnans is a strongly self-thinning species, and both stand density and leaf area index decrease with forest age. The greater streamflow from old-growth forest relative to regrowth forest has been attributed to lower interception and transpiration largely reflecting a smaller basal sapwood area and leaf area in older forest (Dunn and Connor 1993 , Haydon et al. 1996 ).
There has been limited work on variation in hydraulic and anatomical properties of sapwood among E. regnans trees of different ages or in tall angiosperm species in general. Previous studies of anatomical (Legge 1985a ) and hydraulic (Legge 1985b, Legge and Connor 1985) properties of stems of E. regnans have been restricted to regrowth trees. Based on studies of softwood tree species (e.g., Grace 1996, Pothier et al. 1989a ), one hypothesis is that sapwood permeability increases with increasing tree age or size, or both, of E. regnans, and this increase is related to changes in sapwood anatomy. The aim of our study was to test this hypothesis by investigating sapwood properties in a chronosequence of E. regnans.
Materials and methods

Study sites
The study region was in the Central Highlands of Victoria, between 50 and 80 km northeast of Melbourne, Australia (37°28′-37°45′ S, 145°25′-145°55′ E), where forests of Eucalyptus regnans grow extensively on deep soils at altitudes between 400 and 1000 m a.s.l. The climate is cool temperate, characterized by cool wet winters and warm dry summers. Mean annual rainfall is about 1400 mm, with maximum rainfall in the months of August (winter) and September (spring). Mean daily maximum/minimum temperatures of the hottest (February) and coldest (July) months are 23.0/12.1°C and 8.4/3.7°C, respectively. The soils of much of the region are Krasnozems (Stace et al. 1972) or Brown Earths (Polglase and Attiwill 1992) .
The region supports extensive areas of E. regnans forest covering a range of stand age-classes. The dominant age-class is regrowth following extensive wildfires in 1939. Younger forests result mostly from regeneration after harvesting (clear-fell and burn) operations. Old-growth forests are mostly located within water catchment reserves that have been protected from harvesting for over a century. Forests aged between 60 and 240 years are scarce, because most have either been killed by wildfire or harvested in the past century.
Six stands of E. regnans representing three age-classes were selected in the Toolangi State Forest and in the nearby Maroondah Catchment (Table 1 ). All selected stands had a single dominant overstory species. They were generally evenaged, and had understory vegetation typical of wet sclerophyll forest (i.e., no rain forest understory). The sites were not located in gullies or along drainage lines.
Sampling
A sample plot, varying in size depending on age and density (Table 1) , was established within each stand. Sapwood was sampled from the five trees of largest diameter at breast height over bark (DBHOB) within each of the study plots in July (winter) of 1998. For comparison of sapwood characteristics among tree ages, sapwood was sampled only at breast height.
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ENGLAND AND ATTIWILL TREE PHYSIOLOGY VOLUME 27, 2007 At the 8-year-old stands, trees were felled and one disk (about 8 cm thick) was sampled from each of three height positions within each tree: breast height (BH), base of the live crown (BLC) and at the mid-point (MP) between these positions. At the 59-and 240-year-old stands, a small wedge of wood (about 8 × 5 × 5 cm) was cut from the north side of each tree at BH with a small (14-inch blade) chainsaw. The size of this sample was sufficient to pass radially through the sapwood and into the heartwood. Bark thickness at BH was measured to the nearest 0.5 mm at four positions (north, south, east, west) around the stems of the 8-year-old trees and at eight positions (beginning at the north position) evenly spaced around the stems of the 59-and 240-year-old trees.
Samples were immediately sealed in plastic bags and transported to the laboratory at low temperature to prevent the development of tyloses (Murmanis 1975 , Booker 1977 . Once in the laboratory, all samples were stored at 2°C for later preparation and measurement.
Sapwood width and area
Sapwood width (north position, 59-and 240-year-old trees; north, south, east, west positions, 8-year-old trees) was measured to the nearest millimeter on a transverse section (about 15-mm thick) from each sample painted with methyl orange stain (1% aqueous, which stains sapwood yellow and heartwood red, based on differences in pH). Sapwood cross-sectional area at BH was calculated from the measurements of DBHOB, sapwood width and bark thickness. Twice the mean bark thickness was subtracted from mean DBHOB to give stem diameter under bark (DBHUB). Twice the mean sapwood width was subtracted from mean DBHUB to give mean heartwood width. Stem cross-sectional area under bark and heartwood cross-sectional area was then calculated, and the sapwood area calculated by difference.
Sapwood width and area were measured only for the five trees sampled at each stand. Although the relationship between DBHOB and sapwood area was strong in the 8-year-old trees (r 2 = 0.96; P < 0.001), it was poor in the older age classes (r 2 = 0.33 and 0.22 for the 59-and 240-year-old trees, respectively; data not shown). Therefore, forest sapwood area (m 2 ha -1 ) was not calculated for the older age-classes. Forest sapwood area has previously been measured for various ages of E. regnans (e.g., Dunn and Connor 1993, Haydon et al. 1996) . Vertessy et al. (1998) (1) where SW is sapwood area (m 2 ha -1 ) and SA is stand age (y). Forest sapwood area was predicted for each of the three stand ages in this study with Equation 1.
Longitudinal permeability of sapwood
A subsample of outer sapwood (north position) was chiselled from each sample for measurement of sapwood permeability (k). Subsamples were chiselled to about 20-mm-square on the transverse face and cut to a length of about 30 mm along the grain. Both end surfaces were trimmed with a razor blade and then sectioned with a sledge microtome (Model 860, American Optical Corporation, Buffalo, NY). Following preparation, sapwood samples were stored in 0.01 M sodium azide (aqueous) at 2°C to inhibit microbial growth (Kininmonth 1970) .
Before measurement of k, sapwood samples were degassed by a modification of the Booker and Kininmonth method (1978) . Samples were placed in a side-arm conical flask of micro-filtered (0.1 µm) distilled water, stoppered with a rubber bung and evacuated. The vacuum was released after about 1 h and the sapwood left to soak for about 20 min. After several vacuum cycles, the samples were left overnight under vacuum, ready for measurement the following morning.
The apparatus and methods used to measure permeability were modifications of those of Booker and Kininmonth (1978) . Each sample was sealed between the flanges of a Plexiglas (Perspex) inflow and outflow apparatus by two butyl-rubber O-rings (10 mm internal diameter). Micro-filtered, degassed water was supplied to a funnel (connected to the apparatus by transparent tubing) from a glass reservoir.
To prepare specimens for measurement, micro-filtered degassed water was passed through the sapwood sample under a constant head of pressure until flow stabilized Kininmonth 1978, Booker 1984) . Flow rate was measured by collecting water from the outflow tube in a beaker on a balance. Once constant flow was attained, five measurements were taken over a period of 10 min, and the mean value was used to calculate permeability.
The pressure differential across the sample was measured with a mercury manometer. Generally, a pressure differential of 16 mm Hg (2.1 kPa) was applied (range 15-17 mm Hg or 2.0-2.3 kPa). The ratio of flow rate to pressure differential was constant for the range of pressure differentials used for a subset of samples tested (data not shown), thus it was possible to compare k values measured at slightly different pressure differentials (Edwards and Jarvis 1982) . Following measurement, safranin stain (0.1% aqueous, 0.45 µm-filtered) was passed through each sample to assess the water-conducting area. There was no evidence of lateral flow either during measurement or when safranin was introduced into the flow path.
Calculation of permeability
The viscosity of water was determined from its temperature (Weast 1983) . Longitudinal permeability of sapwood was calculated according to Darcy's Law:
where k is the longitudinal sapwood permeability (m 2 ), Q is the flow rate (m 3 s -1 ), L is the length of the sapwood specimen (m), η is the viscosity of the water (N s m -2 ), A is the cross-sectional conducting area of sapwood (m 2 ) and ∆P is the pressure differential (N m -2 ).
Sapwood hydraulic conductivity (k h ) was calculated as:
Sapwood anatomy
The anatomy of E. regnans wood is relatively simple, consisting of vessels that are generally surrounded by a few vasicentric tracheids, fiber tracheids and rays (Dadswell 1972) . The vessels are solitary, although contact between them may occur, particularly where they are aligned in characteristic oblique formations. A second subsample of sapwood was taken adjacent to the permeability subsample. The specimen was chiselled to about 10-mm-square on the transverse face and trimmed with a razor blade. Transverse sections of sapwood were cut at a thickness of 20 µm with a sledge microtome. Sections from each specimen were stained with safranin (0.1% aqueous), rinsed, progressively dehydrated in 100% ethanol over several hours, placed in xylene for about 5 min and then mounted on glass microscope slides in Eukitt (Zeiss).
Anatomical measurements were made on one section from each sapwood sample with an image-processing system. The system consisted of a camera (OSCAR OS-458) mounted on a microscope (Olympus VANOX) and connected to a computer. The microscope image brightness was adjusted to allow the vessel lumina to be easily distinguished from cell wall material and fibers.
Measurements were made along 3-4 parallel lines per section in the radial direction, comprising 6-12 microscope fields of 1.5 mm 2 . For each field of view, image analysis software (OPTIMAS version 4.02, Media Cybernetics Co., Silver Springs, MD) was used to measure the number of vessels, total lumen area of vessels, major (radial) and minor (tangential) lengths of individual elliptical vessels, and lumen areas of individual vessels. The image analysis program allowed "edge" vessels, which were only partly within the field of view, to be excluded from the calculations of mean lumen area and vessel diameter, and an adjustment was made for these in the calculation of vessel frequency (see Equation 4).
For each microscope field, vessel frequency (V freq ) was calculated as the number of vessels per mm 2 , adjusting the value to account for edge vessels, such that:
where V tot is the total number of vessels, V edge is the number of edge vessels and A field is the area of the microscope field (mm 2 ). Vessels of E. regnans are elliptical in cross-section and lumen diameter was calculated after Lewis (1992) as:
where D e is the diameter of the vessel lumen (µm) and a and b are the minor and major lengths of the vessel (µm), respectively. Weighted mean hydraulic diameter (D h ) was calculated as:
where r is the radius of the vessel, or D e / 2.This weights the hydraulic diameters of the single vessels according to the contribution to the total hydraulic conductance of the segment (Mencuccini and Comstock 1997) . The proportion of sapwood area occupied by vessel lumina was calculated as the total lumen area of vessels divided by the area of the microscope field.
A theoretical value of permeability was calculated from measurements of vessel diameter and frequency. The equation for flow rate through ideal capillaries is defined in the HagenPoiseuille law (Zimmermann 1983) as:
where N is the number of vessels, R is the mean vessel radius (m) and l is the length of the sapwood specimen (m). Substituting flow rate from Equation 2 into flow rate in Equation 7, the permeability of ideal capillaries (k c ) is given as:
where n is the number of vessels per cross-sectional area (m -2 ) and D h is the weighted mean vessel diameter calculated from Equation 6.
Statistical analyses
For each height position, t-tests were used to compare values for the replicate stands. Because, at a given height, there were no significant differences (P > 0.05) between the stands for any variable, data were combined for subsequent analyses. Effects of height position on sapwood width, k and anatomical characteristics were analyzed by randomized-block analysis of variance (ANOVA). Position was a fixed factor and Tree was a random factor. Because there is no test for the interaction between position and tree in this analysis, interactions were checked visually by interaction plots. Where there was a significant effect of position, Tukey tests were used to compare means.
Differences in k, k h and anatomical characteristics among ages were analyzed by nested ANOVA. Age was a fixed factor and Site was a random factor nested within Age. Where there was a significant effect of Age, Tukey tests were used to compare means. The F-tests and Tukey tests tested the mean square of Age against the mean square of Site (Age).
The relationship between k and SA (n = 6 stands) was analyzed by simple linear regression. The relationship between k and mean dominant height (n = 6 stands) was investigated by nonlinear regression. The most appropriate regression curve was a power function of the form y = ax b .
The combined data across all ages (n = 30 trees) were analyzed with a simple linear regression model, where k (logtransformed) was the response variable and anatomical characteristics were single predictor variables. The same data were also analyzed with a multiple linear regression model, where age was included as a second predictor variable.
All variables were checked for assumptions of normality and homogeneity of variance, and data were log-transformed where necessary.
Results
Height position within 8-year-old trees
There was no significant effect of height position on k (Table 2). The interaction plot of position by tree showed that the pattern of variation with height position was not consistent among trees.
There was a significant effect of height position on both V freq and vessel diameter (D e and D h ), but not on the proportion of sapwood area occupied by vessel lumina (Table 2) . Interaction plots of position by tree showed that patterns of variation in V freq , D e , D h and the proportion of sapwood occupied by vessel lumina with height position varied among trees.
Vessel frequency and D h were negatively related (r = -0.76, P < 0.001). Vessel frequency increased significantly with height position in the tree, whereas vessel diameter decreased significantly (Table 2 ). In contrast, the proportion of sapwood area occupied by vessel lumina was relatively constant among height positions (Table 2) .
At breast height, values of k (measured) were less than those of k c (theoretical), whereas at mid-height and at the base of the live crown, k was greater than k c (Table 2) .
Age
Sapwood width at breast height varied among ages, but was similar for replicate stands within ages (Table 3) . Sapwood area of individual trees increased significantly with age (Table 4).
Sapwood permeability at breast height increased with increasing tree age, and this trend was marginally significant (Table 4) . Variation in k increased with tree age (Table 4) , which suggests that the significance of the effect of age would have been more apparent if the sample size had been greater. There was a strong linear relationship (r 2 = 0.90, P < 0.01) between k and stand age (Figure 1a) . The relationship with mean dominant height across stands was curvilinear and weaker (r 2 = 0.54; Figure 1b) . Sapwood hydraulic conductivity of individual trees increased significantly with tree age (Table 4) . However, forest k h decreased with stand age (41% from age 8 to 59 years and 47% from age 8 to 240 years), and this decrease was entirely owing to the decrease in forest sapwood area (Table 4) .
Vessel frequency varied significantly with tree age (Table 3) . Vessel frequency was significantly greater for the 240-year-old trees than for the 59-year-old trees, but was not significantly different between the 8-and 240-year-old trees.
There was no significant effect of age on D e or D h (Table 3) . However, there was a trend of increasing vessel diameter from age 8 years to 59 years, with no subsequent change from 59 to 240 years. There was large variation in vessel sizes both within and among trees of the same age. Individual vessel diameters ranged from 41 to 236 µm within 8-year-old trees, 46 to 251 µm within 59-year-old trees and 43 to 278 µm within 240-year-old trees. Maximum vessel diameter was also greater for the 240-year-old than for the 59-and 8-year-old age classes (Table 3) . Across all ages, vessel diameter and V freq were negatively correlated (r = -0.56, P < 0.001).
The proportion of sapwood area occupied by vessel lumina was significantly greater in the 240-year-old trees than in the Table 2 . Sapwood characteristics of samples collected at different height positions from 8-year-old individuals of Eucalyptus regnans, and results of analyses of variance. Values are means (± standard errors) of 10 trees per height position where BH = breast height, BLC = base of live crown and MP = the point between between BH and BLC. Different letters in the same row indicate significant differences (P < 0.05). Symbols: ns, not significant; *, P < 0.05; **, P < 0.01; and ***, P < 0.001).
Characteristic
Height (Table 3 ). This was related to both higher V freq and greater vessel diameter. The proportion of sapwood area occupied by vessel lumina was similar for the 8-and 59-year-old trees, but in the 8-year-old trees, mean V freq was higher and mean vessel diameter was lower compared with the 59-year-old trees, where mean V freq was lower and mean vessel diameter higher. Across ages, the proportion of sapwood area occupied by vessel lumina was significantly correlated with both vessel D h (r = 0.48, P < 0.05) and V freq (r = 0.60, P < 0.01).
Values of k c were in close agreement with those of k for all ages (Table 3; Figure 2e ). The k/k c ratio was similar for the 240-and 59-year-old age-classes (about 0.94) and slightly lower for the 8-year-old age-class (0.87). Across all ages, mean k/k c was 0.92, but there was large variation among individual trees.
Regressions between anatomical characteristics and ln(k) were highly significant, except in the case of V freq (Table 5) . Where the regressions were significant, the explained variation ranged from 33 to 62% (Figure 2 ). Where age was included as a second predictor variable, there was an increase in the explained variation for all variables (Table 5 ). In addition, for the relationship between V freq and k, inclusion of age as a second predictor variable resulted in a significant relationship (Table 5) .
Discussion
Changes in sapwood permeability with height in 8-year-old trees
Changes in k with height position on the main stem differ broadly according to whether a species is a softwood (gymno-1118 ENGLAND AND ATTIWILL TREE PHYSIOLOGY VOLUME 27, 2007 sperm) or a hardwood (angiosperm), and among species within these broad groups. Many studies of softwood species have reported an increase in k from the lower stem to the base of the live crown (e.g., Kininmonth 1978, Shelburne and Hedden 1996) and a decrease from the stem to the branches (e.g., Ewers and Zimmermann 1984) . In contrast, patterns of variation in k with increasing height position for hardwood tree species are inconsistent, with increases (Chen and Tang 1991) and no change ( Previous studies of hardwoods have largely been on young trees at height positions < 8 m. Although there was no significant effect of height position on k in 8-year-old individuals of E. regnans (Table 2) , it is unknown whether this holds true for older trees. Height effects might be expected to increase as trees age and grow. However, Pothier et al. (1989a) found that within-tree differences in permeability were consistent across several stand age classes (15-120 years old). The few studies that have investigated within-tree height effects on permeability of older trees appear to be limited to softwood species.
Increased vessel frequency with decreasing vessel diameter is common to many hardwoods (Gartner 1995) , including E. regnans (Table 2) . Because of this relationship, the proportion of sapwood occupied by vessel lumina varied little among height positions (Table 2) , a result that is consistent with the relative constancy of k with height position and one that agrees with findings for other species (e.g., Taylor 1973 , Akachuku 1985 .
Changes in sapwood permeability with age
Because k measured at breast height increased with increasing tree age (Table 3) and stand age (Figure 1) , the hypothesis that sapwood conductivity increases with increasing tree size is supported. The results also agree in part with an increase in k in softwood species up to 60-70 years of age (e.g., Pothier et al. 1989a , Coyea and Margolis 1992 , Mencuccini and Grace 1996 . However, in contrast to softwood species, k in E. regnans continued to increase from about age 60 to 240 years ( Figure 1) .
Because size usually increases with age, it is difficult to separate age responses from size responses in trees (Bond 2000) . Water flow through the stem is a physical phenomenon and the factors affecting sap flux, water tension and delays in flow are permeability and the physical dimensions of the tree, rather than age itself (e.g., Perämäki et al. 2005 ). We found a strong relationship between k and age (Figure 1a ), but only a moderate relationship between k and height ( Figure 1b) . As well as being taller, older trees have longer branches, with many more branch junctions than younger trees, which may be expected to increase resistance to water flow (see Zimmermann 1983, Tyree and Ewers 1991) . Thus, k might be expected to increase in older trees to compensate for the higher root-to-shoot resistance to flow as a result of both increased path length and branchiness, with age better describing these size differences than height alone.
Because total conductivity decreases with increasing path length, it is important to consider how tree height affects water flow. According to Darcy's law (see Equation 2), water flow (Q) is equal to kA∆P/ηL. When considering the entire stem, L is the length of the water conducting pathway. Although the pressure differential (∆P ) also tends to increase with L, this is constrained by the existence of a lower limit to leaf water potential. Therefore, older and taller trees of E. regnans may not transpire more per unit sapwood area than younger and shorter trees, even if k is larger. Additionally, increased leaf xeromorphy (decreased size, increased cuticle thickness, increased waxiness and stomatal occlusion) with age and height, recently reported for E. regnans (England and Attiwill 2006) , would explain at least partly why ∆P over the conducting pathway increases less than L, resulting in reduced Q.
Values of k for E. regnans are relatively high compared with other species (e.g., Petty 1978 , Sellin 1993 , Shelburne and Hedden 1996 . Softwood sapwood is generally less permeable to water than that of hardwoods (Siau 1984 , Sperry 1995 . Softwoods possess only tracheids and therefore have relatively low k, whereas ring-porous hardwoods, which transport the bulk of water in large diameter early-wood vessels, have the highest k values. Although the wood of most eucalypt species 1120 ENGLAND AND ATTIWILL TREE PHYSIOLOGY VOLUME 27, 2007 is considered diffuse porous (Dadswell 1972) , E. regnans is a semi-ring porous species (Bamber 1985) . Permeability values for E. regnans determined in this study are high even among values for hardwood species, being comparable to those for ring-porous species (e.g., Peel 1965 , Siau 1984 .
High k values for E. regnans reported here may partly reflect the length (30 mm) of the specimens on which k was measured. Many studies have aimed to measure k on xylem segments longer than the longest tracheary element so that there is no chance of an element being open at both ends, which may result in a falsely high k value. This is easily achieved in softwoods where the tracheids are only a few millimeters long. However, in hardwoods, some vessels can be long, possibly running the whole length of the stem in some species (Zimmermann and Jeje 1981) . Skene and Balodis (1968) found that, for Eucalyptus obliqua L'Hérit., a species closely related to E. regnans, mean vessel length was 40 cm; however, most of the vessels were less than 20 cm long, although a few were up to 4 m long. Vessels shorter than 30 mm would have made up only a small percentage of the total (see Skene and Balodis 1968) . It is likely then that k measured on 30-mm lengths in our study are close to the maximum possible values (i.e., for conduits without end walls and open at both ends), an assumption that is supported by the high agreement between measured and theoretical permeability (Table 3) . There is little information on changes in vessel length with tree age. If vessel length does not vary greatly with tree age, the increase in k with age reported here would be expected to hold if k were measured on longer segments. However, k would be lower because of increased resistance from vessel end walls (cf. Sperry et al. 2005) .
High k values for E. regnans are related to the sapwood anatomy. Tracheids can be as narrow as a few µm in diameter and vessels can be as wide as 500 µm (Zimmermann 1983) . Vessel diameters of up to 278 µm for E. regnans trees found in our study are toward the high end of the range of those reported for hardwood trees. Comparison of sapwood anatomy between the 8-and 59-year-old trees showed an increase in vessel diameter and a decrease in vessel frequency with increasing age (Table 3 ). This agrees with the pattern of variation with age found for several eucalypts (e.g., Bamber and Curtin 1974, Hudson et al. 1998 ) and is consistent with that found in the transition from juvenile to mature eucalypt wood (see Bamber 1985) . It is also consistent with the pattern with age reported for other hardwood species (e.g., Foulger et al. 1975 , Butterfield et al. 1993 .
Comparison of the 59-and 240-year-old trees showed no difference in mean vessel diameter, but a significantly higher vessel frequency in the older trees (Table 3) . That vessel diameter remained constant from age 59 to 240 years in E. regnans might be expected, given that large diameter vessels are more susceptible to embolism than smaller diameter vessels (Tyree and Dixon 1986) , and thus, for a given species, there will be a limit to maximum vessel size (but see also recent work by Hacke et al. 2001 on cavitation in drought-tolerant plants). We might therefore expect an initially rapid increase in vessel diameter with age in young trees, reflecting the transition from juvenile to mature wood, as has been shown for E. regnans in our study and previously (Dadswell 1958) , and for other eucalypt species (Bamber and Humphreys 1963, Bamber and Curtin 1974) . In contrast, as a mature tree ages, it might be expected that increases in conductivity would be achieved initially through increases in vessel diameter, after which subsequent increases in conductivity would result from increased vessel frequency. Baas et al. (1983) stressed that maximum vessel diameter may be more relevant than mean vessel diameter when explaining the conductive capacity of a plant. In agreement with this, k was more strongly related to maximum vessel diameter (r 2 = 0.61) than to either mean vessel diameter (r 2 = 0.33) or mean weighted vessel diameter (r 2 = 0.52) across all ages of E. regnans (Figure 2) . Similarly, Sellin (1993) found that k was closely related to the radius of the largest tracheids for Picea abies L. In contrast, Carlquist and Hoekman (1985) stated that mean values are more important than extreme values, because they reflect, more exactly than any other quantitative expression, the true functional capacity of a specific xylem feature.
There is little information on how relationships between permeability and anatomy vary among and across trees of different ages. For E. regnans, linear correlations between k and anatomy varied widely among tree ages, with relationships generally strongest for older trees (England 2001) . Pothier et al. (1989b) also found that linear correlation coefficients between anatomical characteristics and k varied widely with tree age in Pinus banksiana Lamb. For the combined data across all ages of E. regnans, individual anatomical characteristics explained from 33 to 63% of the variation in k (Figure 2) .
Measured k as a percentage of k c for all age-classes (Table 3 ) was generally high compared with that reported in other studies. A review of the literature on water transport (Zimmermann 1971) found that values of measured conductivity ranged from 12 to 100% of those predicted by the HagenPoiseuille equation for ideal capillaries. For softwood species, the agreement between measured and theoretical conductivities is generally low (e.g., Pothier et al. 1989b . This is because the Hagen-Poiseuille equation for k c accounts only for tracheid diameter and frequency, whereas conductivity is also mainly limited by tracheid length and resistance from bordered pits (e.g., Petty and Puritch 1970) . More recent work (Sperry et al. 2005) suggests that end wall and lumen resistances are co-limiting to flow, and that end wall resistance is inversely proportional to conduit length. Agreement between measured and predicted values of conductivity appears to be more variable (range in k/k c of 0.33-1.06) for angiosperms (Tyree and Zimmermann 1971 , Petty 1978 , Schulte et al. 1989 . Across all tree ages in this study, k/k c was 0.92, which is within the range reported by Schulte et al. (1989) for several angiosperm species.
Implications of sapwood changes for forest water use
The reduction in sapwood area per unit ground area with stand age of E. regnans is of the same relative magnitude as the re-duction in transpiration with stand age (Haydon et al. 1996) , and is therefore thought to explain much of the reduction in water use with age in these forests. However, the increase in sapwood permeability with age may, in part, offset the effect of the decrease in sapwood area with age on transpiration reported for E. regnans (see Table 4 ). Therefore, there must be some other factor or factors that explain the remaining decrease in transpiration.
A significant factor may be the increase in leaf xeromorphy with age and height in E. regnans (England and Attiwill 2006) . Furthermore, there are ontogenetic changes in height, branch length and the ratios of leaf area (A l ) to sapwood area (A s ) during tree growth. For example, trees may compensate for increased size by reducing A l relative to A s , thereby maintaining leaf-specific hydraulic conductance (K L , total plant hydraulic transport capacity relative to leaf area). In support of this hypothesis, several studies have reported an increase in A s : A l with increasing tree size (e.g., McDowell et al. 2002 , Ewers et al. 2005 . However, recent studies of Eucalyptus species indicate that A s : A l decreases with increasing stand age (Roberts et al. 2001 ) and tree height (Mokany et al. 2003 ). If A s : A l decreases with increasing age of E. regnans, this may reduce overall K L and therefore reduce tree water use. Such a decrease may explain the increased water yield in old-growth forest relative to regrowth forest.
In conclusion, sapwood permeability measured at breast height increased with increasing tree age (Table 4) and stand age (Figure 1 ). The increase was related to increases in both vessel frequency and vessel diameter, resulting in a greater proportion of sapwood being occupied by vessel lumina. This supports the hypothesis that the ability of a stem to supply foliage with water is likely to increase as trees grow. However, further measurements are required to confirm this result at other height positions within older trees.
